Objective: We studied the ability of norepinephrine and of other catecholamines to affect the proliferation of cardiac fibroblasts isolated from adult rat hearts. Furthermore, we investigated the possible adrenergic receptor involved in this process. Methods: Norepinephrine (NE), phenylephrine (PE), isoproterenol (ISO), forskolin (FO), epidermal growth factor (EGF), platelet-derived growth factor AA (PDGF-AA) and specific inhibitors of the a -, a -, b -and b -adrenoceptors and of the protein kinase A (PKA) were applied 1 2 1 2 to cardiac fibroblasts in culture. Cell number was measured by use of a Coulter Counter. Activation of the cAMP response element binding protein (CREB) was measured by Western blotting and subsequent use of a phospho-specific antibody. Activation of the p42-and MAPK the p44-mitogen activated protein kinase (p42 / p44 ) was assessed by detection of phosphorylation shifts and by incorporation of 32 P-labelled phosphate into myelin basic protein. Results: Fibroblasts isolated from hearts of adult rats were grown in 10% serum-containing media which induced an increase in cell number by 94%. After 48 h, treatment with 10 mM NE caused an even greater increase in cell number by 222%, i.e. another 128% (comitogenic effect). In contrast, NE alone had no effect on the growth of serum-deprived cells. EGF and PDGF-AA did not replace serum as the basic mitogen. After addition of NE to proliferating cells under MAPK serum conditions, there was a rapid, time-dependent significant activation of the p42 / p44 and of CREB for up to 60 and 120 min, respectively. In both cases, the maximum of activation was reached after 5 min. Application of FO (0.1-20 mM) caused a strong MAPK activation of CREB, while no increase in the phosphorylation of the p42 / p44 was detected. Treatment with 20 mM FO led to an identical increase in cell number as application of NE. Specific blockade of PKA with RpcAMPS prevented the activation of CREB and also the comitogenic effect of FO as well as of NE. The a-and b-adrenergic receptor blocker carvedilol (10 mM) normalized all NE-induced effects. Prazosin and yohimbine, inhibitors of a -and a -adrenoceptor activation, respectively, did not influence the 1 2 NE-evoked increase in cell number. In contrast, the non-selective b-adrenoceptor blocker propranolol (1 mM) completely suppressed the comitogenic effect of NE. A similar effect was obtained with the specific b -adrenoceptor blocker ICI 118,551 (5 mM), while the 2 b -adrenoceptor blocker metoprolol did not influence the increase in cell number. Conclusions: NE elicits a comitogenic effect on 1 cultured rat cardiac fibroblasts which is prevented by b -adrenergic blockade. The activation of CREB contributes to the increase in 2 MAPK proliferation. The p42 / p44 which was also found to be activated by NE might as well be involved in the regulation of the comitogenic effect.
Introduction
been concentrated on cardiac myocytes obtained from neonatal and adult rats [2] [3] [4] [5] 33] . In cardiac myocytes from Earlier studies have shown that norepinephrine (NE) neonatal rats, NE treatment resulted in increased RNA and induced cardiac hypertrophy and various hemodynamic protein synthesis, the induction of a fetal gene program and changes in the rat heart in vivo [1] . When the effect of NE hypertrophy primarily via activation of a -adrenergic 1 was studied on the cellular level, the main interest had receptors [6] [7] [8] [9] . It is well known that NE also increases the expression of extracellular matrix proteins and the development of *Corresponding author. Tel.: 149-341-971-5500; fax: 149-341-971-5509.
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interstitial fibrosis in the rat heart. Cardiac fibroblasts growth factor (EGF) and platelet-derived growth factor constitute more than 90% of non-myocyte cells in the AA (PDGF-AA) were purchased from Sigma (Deisenheart, and they are the origin of the extracellular matrix hofen, Germany). Carvedilol was obtained from Boehproteins. The remodelling of the matrix is an important ringer Mannheim, prazosin from Pfizer (Karlsruhe, Germechanism by which the myocardium responds to stimuli many), metoprolol from Ciba-Geigy (Wehr, Germany), ICI leading to the development of cardiac hypertrophy [10] .
118,551 (erythro-DL-1-(7-methylindan-4-yloxy)-3-isoPrevious studies have shown that there are changes in propylaminobutan-2-ol) and yohimbine were from Tocris the gene expression and in the proliferative capacity of Cookson Ltd. (Bristol, UK), forskolin and RpcAMPS were cardiac fibroblasts under various pathophysiological conobtained from Calbiochem (Bad Soden, Germany). Goat ditions and after treatment with diverse regulatory factors, anti-rabbit peroxidase labeled antibodies were from such as Angiotensin II, TGF-b , bFGF and PDGF [4,11- Dianova (Hamburg, Germany). Benzonase was purchased 1 16]. Only little information is available on the effect of NE from Merck (Darmstadt, Germany), Luminol was from on cultured cardiac fibroblasts. It was shown that NE Serva (Heidelberg, Germany), and reinforced nitrocelluincreases thymidine incorporation in fibroblasts from the lose from Schleicher & Schull (Dassel, Germany). [g-32 hearts of neonatal rats and rabbits through the activation of P]ATP (300 Ci / mmol) was obtained from Hartmann b-adrenergic receptors [17] [18] [19] . However, whether this Analytic (Braunschweig, Germany). increase translated into higher cell numbers was not Animals used in this study were maintained in accordreported.
ance with the Guide for the Care and Use of Laboratory Activation of adenylate cyclase results in the production Animals published by the US National Institutes of Health of the second messenger cAMP. The subsequently acti-(NIH Publication No. 85-23, revised 1996). vated cAMP dependent protein kinase A, PKA, then phosphorylates and thereby activates the transcription 2.2. Cell culture factor CREB, the cAMP response element binding protein, which binds to CRE, a regulatory element in the promoter
The isolation of cardiac fibroblasts was performed region of various genes as has been shown in PC12 cells according to a previously published protocol for the and in rat brain preparations [20, 21] . Transcription mepreparation of adult rat cardiac myocytes [26, 27] with diated by CREB regulates diverse cellular responses minor modifications. Four 200-250 g female Spragueincluding intermediary metabolism and cell proliferation. It Dawley rats (Charles River, Sulzfeld) were anaesthetized can also be activated by signals which affect the intracelluwith an i.p. injection of 0.1 g / kg thiopental natrium 21 lar levels of Ca as well as by growth factors and cellular (Trapanal, Byk Gulden, Konstanz, Germany) and 6000 stress.
IU / kg heparin (Liquemin, Hoffmann-La Roche, GrenIt has been shown by Yamazaki et al. [22] that NE zach-Wyhlen, Germany). The hearts were excised, activates both the p42-and the p44-mitogen activated mounted on a Langendorff perfusion system and rinsed protein (MAP) kinase in cardiomyocytes cultured from with Joklik's minimal essential medium (JMEM, F. Messi, neonatal rats. The activation of MAP kinases plays an Cell Culture Technologies, Zurich, Switzerland) at 378C important role in gene regulation during cardiac hypercontinuously gassed with 95% O / 5% CO . Perfusion was 2 2 trophy [23, 24] and in the control of transduction of continued by recirculating JMEM for 35 min, containing mitogenic signals.
29 U / ml collagenase (Worthington Biochemical Corp., In a previous study from our laboratory it had been New Jersey, USA). The ventricles of the hearts were then demonstrated that b-adrenergic stimulation of adult rats cut with tissue scissors in 131 mm pieces and incubated induced an increase in cardiac protein synthesis [25] . In the for another 10 min in 20 ml KB buffer, consisting of 70 present study, we therefore tested the hypothesis that mM KCl, 30 mM K HPO , 22 mM glucose, 5 mM 2 4 catecholamines might induce proliferation of cultured MgSO , 0.5 mM EGTA, 20 mM taurine, 5 mM creatine, 4 cardiac fibroblasts from adult rat hearts via b-adrenergic 10 mM succinic acid, 2 mM pyruvic acid, 5 mM ATP, 2 stimulation. Moreover, we investigated whether the tranmM butyric acid, pH 7.4, and 115 U / mg collagenase. The scription factor CREB and the p42-and the p44-MAP cell suspension was filtered through a 250-mm nylon mesh kinases are activated during NE treatment.
and spun down at 253g for 3 min. The supernatant was centrifuged at 2503g for 10 min. The pellet was resuspended in Dulbecco's minimal essential medium 2. Methods (DMEM) / Ham's F-12 (Biochrom, Berlin, Germany) / 10% fetal calf serum (FCS, Biochrom) / 1% penicillin / strep-change. Confluent cells were passaged once. The culture determined 48 h after the addition of the agents using a contained more than 95% fibroblasts.
Coulter Counter Channelyzer (Coulter Electronics, KreFor proliferation measurements, cells were seeded at feld, Germany). Measurements were done in triplicate in 3 2 7-8310 cells / cm on 12-well plates (each well with an volumes of 200 ml each. The orifice tube had an aperture 2 area of 3.5 cm ). To arrest the cells and synchronize them size of 100 mm. in G1 / G0 of the cell cycle, cells were grown to confluency. Serum containing medium was then removed, and 2.4. Gel electrophoresis and immunostaining fresh DMEM / 1% penicillin / streptomycin without FCS was added for 2 days. Cells were then maintained without SDS-polyacrylamide gel electrophoresis was performed and with NE, EGF and PDGF-AA, respectively, in serumessentially as described by [28] using 10% acrylamide gels free (Figs. 1 and 3: starved2) and serum-containing (Fig. (37.5 / 1 w / w) acrylamide / bisacrylamide). Cells were lysed 1: starved1) medium for another 48 h. Starving cells in 50 mM Tris-Cl, pH 6.7, 2% sodium dodecyl sulfate (Figs. 1 and 3 ) had been grown to 30% confluency in the (SDS), 2% mercaptoethanol, and 1 mM sodium orthovanapresence of serum. At the start of the experiment, serum date (Laemmli buffer) followed by digestion of nucleic was withdrawn and cells were maintained without and with acids with benzonase. The lysates were heated for 10 min NE, EGF and PDGF-AA, respectively, for 48 h. Proliferat 958C, and the protein content of the supernatant was ating cells were 30% confluent at the beginning of the quantified according to Henkel and Bieger [29] . experiment, 10% FCS was given throughout the incubaFor electrophoresis, minigels of 0.75 mm thickness were tion. All other experiments were performed with 30% used (Bio-Rad Mini Protean). After SDS-PAGE (10 mg / confluent cells in the presence of FCS (10%). slot), proteins were transferred onto reinforced nitrocellulose by semidry blotting using 50 mM 3-(cyclohexyl-2.3. Determination of cell number amino)-1-propanesulfonic acid (CAPS), pH 10.0, 1 mM 3-mercaptopropionic acid, and 10% methanol as blotting Cells were grown on 12-well plates. At the time points buffer for 1 h at 6 V. Saturation of the nitrocellulose given in the figures, cells were washed with PBS, detached membrane was achieved for 1 h with 2% bovine serum from the dish by treatment with 0.5% trypsin-EDTA and albumin (BSA) in 50 mM Tris-Cl, pH 7.5, 150 mM NaCl, suspended in 1 ml PBS. The number of viable cells was 0.2% Triton X-100 (TS-buffer). The sheets were incubated MAPK for 1 h with the antibodies against p42 / p44 (0.25 mg / ml, Santa Cruz K-23, Heidelberg, Germany), phospho-CREB and CREB (1 mg / ml, New England Biolabs, Schwalbach, Germany) in TS-buffer containing 2% BSA and 0.03% NaN . After washing six times with TS 3 containing 0.5% BSA (washing buffer), the sheets were incubated for 1 h with goat-anti-rabbit IgG antibodies labeled with horseradish peroxidase at a dilution of 1 / 5000 in TS-buffer without NaN . The antibody was removed by 3 washing six times with washing buffer. The detection was done by chemoluminescence, using luminol (2.5 mM) and p-coumaric acid (400 mM) as enhancer [30] . seeded at 7-8310 / cm on 12-well plates. Starved: Cells had been grown to confluency and were then serum-deprived for 2 days. During the precipitation of the conjugates. The individual immunoand platelet-derived growth factor AA (PDGF-AA, 40 precipitates were washed twice with RIPA and twice with ng / ml), respectively. The mitogenic effect of these growth kinase assay buffer containing 50 mM b-glycerophosphate, factors has already been shown in many cell types. PDGFpH 7.4, 10 mM MgCl , and 1 mM DTT.
AA has already been found to act as a potent mitogen in 2 The immunoprecipitates were incubated with 0.5 mg adult cardiac fibroblasts [16] . 32 MBP, 30 mM ATP, and 5 mCi [g-P]ATP in a total Fig. 2 shows that application of both EGF and PDGFvolume of 40 ml of kinase buffer for 30 min. The reaction AA caused an increase in cell number by 51.265.5 and was terminated by addition of 10 ml 0.5 M phosphoric 39.164.1%, respectively, when cells were proliferating at acid. Aliquots of the reaction mixture were spotted onto the time the treatment was started ( Fig. 2: starving) . phosphocellulose, and quantification was performed using However, in the presence of both growth factors, NE did a phosphoimager (Molecular Dynamics, Krefeld, Gernot enhance proliferation rate. While the effect of NE plus many).
EGF (increase by 50.1%) was identical to EGF alone, NE even reduced the PDGF-AA induced increase in cell 2.6. Statistical analysis number by 56%. When EGF and PDGF-AA were applied in confluent cells that had been serum starved for 48 h The data were analyzed and expressed as mean6S.E.M.
( Fig. 2: starved2 The comitogenic effect of NE occurred concentration-(starved2) or to 30% confluent cells at the time serum was dependently (Fig. 3) . The greatest effect was obtained with removed (starving). When 10% FCS was given throughout the experimental procedure, cell number was increased to 194626.4% of control after 48 h (proliferating). Applica-4 tion of 10 nM NE further enhanced this increase in cell number to 322612.4% (n55). This is another 128% increase. When the time-matched, FCS treated control (194%) is set at 100%, NE caused an additional percent increase of 58%. Similar increases in cell number, which were not significantly different from those where cells were proliferating, were measured when cells were first serum starved and 10% FCS (199610.7%) and 10% FCS 4 plus 10 nM NE (306.5618.4%), respectively, was again added for 48 h (starved1).
These results indicate that NE is a comitogen in cardiac reduced electrophoretic mobility, the p42 / p44 was also highly phosphorylated after the addition of NE (Fig.  4A) . After 5 min, a significant phosphorylation, and therefore activation, was observed that was maintained for MAPK 60 min. To ascertain that an activation of p42 / p44 after NE treatment was indeed evoked, the activity of this protein kinase was measured by MBP phosphorylation after stimulation with NE and subsequent immunoprecipitation of the protein. After 5 and 10 min, we obtained a significant increase in MBP kinase activity of 92 and 88%, respectively, over that of the unstimulated control (Fig. 4B) forskolin, cell number was increased by 56% compared to phosphorylation state of the p42 / p44 was unaffected time-matched FCS treated controls (Fig. 5) . This increase by forskolin treatment (Fig. 6 ). 4 was similar to that found with 10 nM NE. A 20.262.7-fold (n54) increase in phosphorylation of CREB was 3.6. Involvement of PKA 4 detected by Western blotting after 5 min with 10 nM forskolin (Fig. 6) . At the concentration that induced To clarify a possible role of PKA in the regulation of the 4 maximal increase in cell number (2310 nM), the comitogenic effect of NE, cells were pretreated with the strongest phosphorylation of CREB was detected. The specific PKA inhibitor RpcAMPS. The increase in cell number induced by forskolin (FO) as well as by NE was inhibited by RpcAMPS in a concentration-dependent manner (Fig. 7) . Investigation of the phosphorylation status of CREB and MAPK of the p42 / p44 showed that RpcAMPS also prevented the NE induced phosphorylation of CREB in a concentration-dependent manner (Fig. 8A) . However, the enhanced phosphorylation and the MBP phosphorylation MAPK activity of the p42 / p44 was unaffected by treatment 3 with RpcAMPS (10 nM) ( Fig. 8A and B) . RpcAMPS alone did not affect cell number and the activity of CREB and MAPK (data not shown).
Adrenoceptors
To determine which receptor might be involved in the transduction of comitogenic signals, cells were pretreated with various adrenergic antagonists before NE application. 4 Carvedilol (10 nM), an a-and b-adrenoceptor antagonist, prevented the NE-induced increase in cell number in a (Fig. 9) . In parallel, number of cardiac fibroblasts. When cells had reached 30% confluency in medium containing 10% fetal calf serum, forskolin was applied in the CREB and MAPK phosphorylation were inhibited. The concentrations indicated on the abscissa for 48 h. Cell number was phosphorylation of CREB was prevented by carvedilol 3 determined using a Coulter Counter Channelyzer. Each point represents already at 10 nM to a major degree and was completely the mean6S.E.M. of five separate experiments measured in duplicate. 4 suppressed at 10 nM (Fig. 10A) . After pretreatment with
The cell number which nontreated fibroblasts (0) had reached at the end 4 10 nM carvedilol, the phosphorylation of MAPK was of the experiment (after 48 h) was set at 100%. activity was also entirely suppressed by pretreatment with 4 10 nM carvedilol (Fig. 10B) .
To further identify the adrenergic receptor involved, cells were pretreated with the respective antagonists ( In contrast, the b-adrenoceptor antagonist propranolol 4 3 stimulation with 10 nM NE and NE110 nM RpcAMPS for 5 min, 3 prevented the NE-induced increase in cell number at 10 MAP respectively, p42 / p44 kinase activities were measured. Data are nM (Fig. 11) 118,551, a highly specific inhibitor of the b -adrenoceptor, 2 completely suppressed the comitogenic effect of NE with an IC of 290 nM (Fig. 11) . Addition of propranolol, 4. Discussion 50 metoprolol and ICI 118,551 alone was without effect on cell number and on the activity of CREB and MAPK (data 4.1. Fibrosis: an integral component of cardiac not shown).
remodelling The NE-induced phosphorylation of CREB was sup-3 pressed by ICI 118,551 at 10 nM to a major degree (Fig. Myocardial fibrosis is an integral component of re-12A). The phosphorylation of MAPK was also prevented modelling in many models of experimental cardiac hyby ICI 118,551 in a concentration-dependent manner (Fig. pertrophy. We have shown recently that interstitial fibrosis 3 12A). Pretreatment with 5310 nM ICI 118,551 completehad developed in pressure-induced hypertrophy of rat ly suppressed the activation of MAPK. The increase in hearts which was prevented by angiotensin II receptor MBP phosphorylation activity was reduced by 67% after blockade [31] . In NE-induced hypertrophy, the DNA increased in number [32] . The present study demonstrates that all catecholamines tested promote the proliferation of cultured cardiac fibroblasts (Figs. 1 and 3 ). NE and ISO had by far stronger effects on cell number than the aadrenoceptor agonist PE. Since cardiac fibroblasts are responsible for synthesis and deposition of fibrillar col- Other authors have shown that NE increases the capacity 5 min incubation, the extent of phosphorylation was visualized using of cultured cardiac fibroblasts from neonatal rats and when NE was added to serum-containing media, NE had a comitogenic effect. As to the component in the serum that might act as the basic mitogen we have demonstrated that shown that after NE treatment CREB and MAPK are it is neither EGF nor PDGF-AA (Fig. 2) . activated (Fig. 4) Ca rather than cAMP appeared important [34] . protein, tyrosine kinases including Src family tyrosine On the other hand, a study by Yamazaki et al. [22] kinases, Shc, Grb2, Ras, and Raf-1 kinase leading to the demonstrated that NE induced activation of MAPK activation of MAPKs. through both a -and b-adrenoceptors, and that signalling Our results on the involvement of MAPK in the 1 pathways from the two receptors synergistically induced comitogenic response to NE are also in agreement with hypertrophy of neonatal rat cardiac myocytes. Furtherstudies describing the effect of MAPK in the induction of more, in isolated myocytes from the hearts of adult rats, proliferation after treatment of various cell types with b-adrenergic agonists stimulated protein synthesis [35] . different mitogens. Activation of the classical MAPK Finally, Pinson et al. [2] reported that both a -and pathway also leads to the proliferation of Chinese hamster 1 b-adrenoceptor agonists induced a pronounced increase in lung fibroblasts [39] . In human cardiac fibroblasts, blocprotein synthesis. This is in agreement with our earlier in kade of MAPK reduced PDGF-evoked increases in DNA vivo experiments in which NE caused hypertrophy of the synthesis to a great degree [40] . rat heart by activating a -as well as b-adrenoceptors [32]. 293-cells that Gbg was responsible for mediating Giof the adenylate cyclase [41] . In the present study we have coupled receptor-stimulated MAPK activation through a shown that NE induced activation of MAPK, while ras raf mechanism utilizing p21 and p74 independent of PKC. forskolin had no influence on the activity of MAPK. In contrast, Ga mediated Gq-coupled receptor-stimulated Forskolin is a rather specific activator of the adenylate ras MAPK activation using a p21 -independent mechanism cyclase classically leading to the activation of PKA via an raf employing PKC and p74 . This study as well as others increase in intracellular cAMP levels which finally results cited above have shown that the raf-1 kinase / MAP kinase in the subsequent phosphorylation of CREB. The effects of cascade can be activated by the a as well as by the cAMP on cell proliferation are cell type specific. Elevation 1 b-adrenoceptor. of intracellular cAMP has been found to cause growth Similar results were obtained by Crespo et al. [37] in inhibition in many cell types [42] [43] [44] . However, our data COS-7 cells expressing the bg subunit of the b-adrenocontribute to a number of studies describing the induction ceptor. These authors found that activation of b-adrenoof proliferation by forskolin and other cAMP raising ceptors by ISO led to the activation of ras and MAPK agents in cells such as Swiss 3T3 and various cell types in through the bg subunit. A more recent work by Zou et al. primary culture [45] [46] [47] . A hypertrophic responsiveness to [38] on cardiac fibroblasts showed that angiotensin II b -adrenoceptor stimulation was also shown by Zhou et al.
RpcAMPS on MAPK activity (Figs. 6 and 8) . The NEinduced activation of MAPK obviously occurs via signalling proteins other than PKA. EGF and PDGF-AA act as potent mitogens in cardiac fibroblasts. However, the effect of FCS was not replaced by either of these growth factors when applied in combination with NE (Fig. 2) . We do therefore conclude that NE might evoke the activation of similar pathways since there was no synergistic effect. In addition, exposure of the cells to other components supplied by application of FCS induces some kind of 'competence' which makes the cells capable of proliferating by a greater rate. It does not matter whether cells are already proliferating or whether they had been serum starved before reinduction of proliferation by readdition of FCS. We suggest that NE further elevates the activational state of only a limited set of proteins that transduce the mitogenic signal evoked by FCS, and that it probably stimulates additional signalling cascades. It might thereby add to the mitogenic effect of FCS, however, might not exert signals that are sufficient for mitogenicity without the basic activations induced by FCS. FCS might therefore create the basis of mitogenic signalling events to which the NE-induced signals must be added to enhance proliferation of cultured cardiac fibroblasts.
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